In addition to conventional exergy-based methods, advanced exergetic analyses consider the interactions among components of the energy-conversion system and the real potential for improving each system component.
INTRODUCTION
The exergy-based methods provide information concerning location, magnitude and causes of thermodynamic inefficiencies in an energy-conversion system [1] [2] [3] [4] [5] [6] .
In addition to conventional exergetic evaluation, the so-called advanced exergetic analysis and its methodologies have been developed at the Institute for Energy Engineering of Technische Universität (TU) Berlin in the past twenty years [1] [2] [3] [4] .
Advanced exergetic analysis can significantly reduce the most important limitations of a conventional analysis by evaluating the detailed interactions among components of the overall system and the real potential for improving a system component. The main objective of advanced exergy-based analyses is to provide engineers with additional useful information for a better understanding and improving the design and operation of energy-conversion systems. This information cannot be supplied by any other approach.
According to the current knowledge of the author, advanced exergy analyses have been applied mostly to refrigeration machines and industrial heat pump systems where only single modes (design or nominal ones) were investigated [2] [3] [4] [5] [6] . A distinguished feature of the heat pump systems providing thermal comfort in buildings is the variation of operational regimes. This is caused mainly by climate and weather conditions (temperatures, solar radiation, wind velocity, pressure, humidity, etc.). All those factors change randomly and the tempo is different over different time periods under consideration. This feature should be taken into account when applying exergy-based methods to heat pump systems providing space heating.
So, the scope of the paper is to demonstrate the application of advanced exergetic analysis to a heat pump providing space heating in varying operational modes, which is typical of the built environment and caused by fluctuating outdoor conditions.
METHODOLOGY
The analysis is performed for a typical Ukrainian house. The dwelling has two floors with a gross floor area of 170 m 2 and a volume of 470 m . Setpoint for the indoor temperature is 18°C. The fraction of east and west oriented glazing is 30%, of the south one -50%, of the north one -20%. Natural ventilation is used in the dwelling. the design heating capacity of the house is 25 kW. Hydronic system is used for space heating. The heat pump is a basic heater covering 12 kW of heating demand in the design mode and uses sewage water as a low temperature heat source. R134A is chosen as a working fluid in the heat pump.
The quality of the conclusions obtained from a conventional exergetic evaluation can be improved, when the exergy destruction in each system component is split into endogenous/exogenous parts (ĖD,
, and combined according to the two approaches of splitting
). The analysis based on these procedures is called advanced exergetic analysis and proposed in [1] [2] [3] [4] .
The endogenous part of exergy destruction The difference between total and unavoidable exergy destruction for a component is the avoidable exergy destruction (Ė AV D,k ) that should be considered during the improvement procedure.
To better understand the interactions among components, the exogenous exergy destruction within the kth component should also be split.
For obtaining a deeper understanding of the interactions among components, the exogenous exergy destruction (as well as the exogenous unavoidable and the exogenous avoidable exergy destructions) within the kth component are split: 
To split exergy destructions into the abovementioned parts, the thermodynamic-cyclebas ed approach was used [2] [3] [4] . The product of the heat pump in all analysed cycles remains unchanged.
In the design operating conditions (nominal mode) the following parameter values are set: the low temperature heat source medium is cooled in the evaporator from 12°C to 9°C; the minimal temperature differences in the evaporator δT EV min and the condenser δT CD min are equal to 5 K. The calculated value of the real isentropic efficiency of the compressor in the nominal mode is equal to 88%. For evaluating unavoidable exergy destructions in nominal mode the following parameter values are assumed: the unavoidable temperature differences in the evaporator and the condenser are equal to 1 K and the unavoidable compressor efficiency is equal to 96%. For creating the theoretical cycle of the heat pump the following assumptions are used: the minimal temperature differences in the evaporator and the condenser are equal to 0 K; the efficiency of the working fluid compression is equal to 100%; the throttling process is replaced by an ideal expansion process [2] .
In order to determine thermodynamic parameters of the refrigeration vapour compression cycle in different operating modes (off-design modes) during a heating season, which is typical of such kind of heat pumps, the simulation model has been used. The model is based on quasi-steady state approach [7] . A set of nonlinear equations, involving heat, mass balances, heat transfer and equations for calculation of thermodynamic properties of working fluids, were utilized. The equations, solved simultaneously with a gradient numerical method, have been established to describe the behaviour of each component and of the system as a whole. During simulation the temperature of heat source in off-design modes varied in the range from 12°C to 22°C.
Daily weather data within a heating season for the city of Rivne located in the western part of Ukraine were used for the analyses. So, 24-hour time step τ k was assumed for quasi-steady state modelling. The variation of mean daily outdoor temperature was within the range of -16°C and 10°C. The total value of heating degree days was 3500°C•day.
RESULTS AND DISCUSSIONS
The distribution of the daily total exergy destruction Ė D,k (without splitting) and the sum of avoidable endogenous and avoidable exogenous exergy destruction Ė AV,Σ D,k (see formula (2)) in the components of the investigated heat pump over a year is shown in Fig. 1 . The shares of these parts of exergy destructions as a function of daily heat production in the heat pump are presented in Fig. 2 . Figure 3 illustrates values of different parts (total, avoidable, avoidable endogenous and avoidable exogenous) of annual exergy destructions in the components of the investigated heat pump.
The values of endogenous/exogenous avoidable parts of seasonal (annual) exergy destruction in the compressor, condenser, throttling valve and evaporator of the investigated heat pump are introduced in Fig. 4 .
The avoidable parts of seasonal exergy destructions Ė AV,year D,k in the components of the investigated heat pump for warm, middle and cold years are shown in Fig. 5 .
Results in Figs. 1, 2, 3 and 4 represent the same heating season corresponding to the middle year (see Fig. 5 ).
As it is shown in Fig. 1 , the absolute values of daily exergy destruction in the components of the investigated heat pump vary within a heating season. Moreover, the shares of these values for the compressor, condenser, throttling valve and evaporator are different in every time-step of the heating season. evaporator are almost the same (for daily heat production of 290 kW•hr in Fig. 2a ) and cases in which this ratio is 10% in the compressor and 30% in the evaporator (for daily heat production of 50 kW•hr in Fig. 2a) . A similar picture can be seen in Fig. 2b for the sum of avoidable endogenous and avoidable exogenous exergy destruction Ė AV,Σ D,k . It should be noted that the shares of the destruction of exergy in components of the heat pump depend on the heat source temperatures and supply-return temperature profile which is a function of the heat demand. So, it can be concluded that for correct exergetic assessment of the heat pump providing space heating it is not sufficient to analyse only a single operational mode (for example, design mode). Within a heating season both absolute values and the shares of exergy destruction can be different for different operational modes (see Figs If to compare these dissimilar components using the modified exergy destruction ratio [2, 3] that relates the exergy destruction within the kth component to the exergy destruction for the overall system, the components should be improved in the following order: condenser (32% of exergy destruction ratio), throttling valve (28%), evaporator (22%), and compressor (17%).
These results are misleading to some extent. For example, it can be concluded that in order to reduce the exergy destruction within the throttling valve we should try to improve this component. But a throttling process is completely irreversible and there are no ways of improving this process with the help of decreasing irreversibilities in it. Thermodynamic inefficiency in the throttling valve increases when the pressure ratio in it is also increased, which can take place due to bigger temperature differences in the condenser and evaporator. So, exergy destruction within the throttling valve can be eliminated with the help of improving condenser and evaporator but not the throttling valve itself. Also from the conventional analysis we obtain misleading information with respect to relative importance of the condenser and the evaporator. The matter is that the condenser has a higher exergy destruction without splitting but at the same time compared to the evaporator it can be characterized with a higher exergy destruction which cannot be avoided. As a result, thermodynamic inefficiency which can be really eliminated in this component can be lower than in the evaporator.
Taking into account the above-mentioned information we need more precise, detailed and additional information about irreversibilities The results obtained from the advanced exergetic analysis indicate that the endogenous avoidable exergy destruction in the throttling valve is zero. This means that the exergy destruction within this component can be reduced through changes in the remaining components or in the structure of the overall system. Only 88 kW•hr of exergy destruction in the compressor can be avoided by improving this component. The endogenous avoidable exergy destruction in the evaporator is a little higher than this part of exergy destruction in the condenser (336 kW•hr and 304 kW•hr, respectively).
The biggest part of exergy destruction that can be avoided in the compressor is exogenous, i.e. can be eliminated through changes in the remaining components or in the structure of the overall system, and is equal to E AV,EX,year D,CM = 215 kW•hr. All thermodynamic inefficiency which can be avoided in the throttling valve is due to the remaining components or in the structure of the analysed heat pump. Very small values of avoided exogenous exergy destruction belong to the condenser and the evaporator. As can be seen from Fig. 3 about 40% of avoidable thermodynamic inefficiency is exogenous.
The data presented in Fig. 3 is provided in a more detailed manner in Fig. 4 .
The seasonal exergy destruction which can be avoided with the help of improving the evaporator is equal to 564 kW•hr or 50% of the avoided exergy destruction in the heat pump. Improvement in the evaporator will affect not only the endogenous avoidable exergy destruction of this component (336 kW•hr or almost all avoidable annual exergy destruction in this component), but also the exogenous avoidable exergy destruction within the throttling valve (109 kW•hr or 44% of the annual avoidable exergy destruction in this component) and within the compressor (118 kW•hr or 39% of the annual avoidable exergy destruction in this component). Similar results were obtained for the condenser, but the seasonal exergy destruction which can be avoided with the help of improving this component accounts for 43% of the avoided exergy destruction in the heat pump.
Due to variation of operational modes from year to year the values of exergy destruction in the same components of the investigated heat pump can be different. For example, in the analysed case avoidable parts of seasonal exergy destructions E AV,year D,k in the components of the heat pump for warm and cold years can be 14...26% lower and bigger, respectively, as compared with a middle year.
Interesting information is provided by avoidable exogenous exergy destruction within the evaporator. It is negative E
AV,EX,year D,EV
= -20 kW•hr. This means that the exergy destruction within this component can be decreased by increasing irreversibilities within other components of the analysed heat pump. The similar information is obtained in [2] for the vapour-compression refrigeration machine with R407C and in [3] for the absorption refrigeration machine. Figure 6 illustrates the change of exergy destruction rates in the components of the investigated heat pump in the design mode after increasing the minimal temperature difference in the condenser δT CD min from 5 K to 9 K. The product of the system remains the same for these two cases. From the presented results it is observed that after increasing the minimal temperature difference the exergy destruction rate in the evaporator was decreased from 0.211 kW to 0.206 kW. Although in other components exergy destruction rates became higher which increased the total exergy destruction rate of the heat pump.
The graphical representation of thermodynamic cycles of the investigated heat pump in the design mode for the minimal temperature differences in the condenser δT CD min 5 K and 9 K on Ts-diagram is shown in Fig. 7 . It can be observed that due to increase in minimal temperature differences in the condenser the initial thermodynamic cycle was changed. Point 1 (compressor inlet) remains the same -1≡1' . Points 2 and 3 (condenser inlet and outlet) were moved higher and to the right -to 2' and 3' respectively. Point 4 (evaporator inlet) changed its location to the right -to 4' . Changes of parameters of low temperature working fluid are also shown in Fig. 7 . After increasing temperature differences in the condenser from 5 K to 9 K points 5 (low temperature working fluid at evaporator inlet) and 6 (low temperature working fluid at evaporator outlet) moved to the right. For convenience, the specific entropy of the low temperature working fluid was referred to 1 kg of R134A.
It is known that the exergy destruction rate depends on the mass flow rate ṁ k through 
where T 0 is reference temperature. Using formula (3) it is possible to illustrate specific exergy destruction or its change on Ts-diagram. Figure 8 shows that after increasing the minimal temperature difference in the condenser from 5 K to 9 K the specific exergy destruction in the evaporator was decreased (highlighted area) because specific entropy generation became lower. Although the mass flow rate ṁ EV of R134A increased from 0.0721 kg/sec to 0.0735 kg/sec, the increase in specific entropy generation outweighed this effect. As a result, exergy destruction rate in the evaporator was decreased from 0.211 kW to 0.206 kW (see Fig. 6 ).
CONCLUSIONS
1. When applying exergy analysis to heat pump systems providing space, the heating variation of operational modes within both the heating season and also from year to year should be taken into account. It is proposed to use annual (for the whole heating season) values of exergy destruction. Values of exergy destruction calculated for single operational modes can lead to wrong conclusions because both the absolute values and the shares of exergy destruction in components of the system can be different for different operational modes.
2. In addition to conventional exergy analysis the advanced one has provided more precise information concerning location (in all four components of the heat pump exergy destruction takes place), magnitude (only 1 181 kW•hr or 50% of the total annual exergy destruction in the heat pump can be avoided and is distributed among the components in the following manner: 303 kW•hr in the compressor, 316 kW•hr in the condenser, 246 kW•hr in the throttling valve, and 316 kW•hr in the evaporator) and causes (mostly due to irreversible heat transfer in the condenser and evaporator) of thermodynamic inefficiencies in the investigated heat pump.
3. According to the results obtained for the analysed heat pump due to variation of operational modes from year to year about 14…25% of annual avoidable exergy destruction in the components can differ from its value in a middle year. 4 . Advanced exergy methodology also demonstrated that some amount of exergy destruction within the evaporator can be decreased by increasing irreversibilities within other components. But it does not mean that after this increasing the total exergy destruction within the system can be decreased -it becomes higher.
